In this study, it was aimed to produce composite laminates of boronized AISI-1010 steel plates as an alternative protection against the threat level BR-2 defined in the EN-1063 standard. Cold rolled AISI-1010 steel plates were cut into hexagonal plates with 45 mm diagonals. These hexagonal plates were boronized by pack boronizing method at 950
Introduction
Development of lightweight materials for ballistic protection has been a consistent effort for decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The analytical complexity of impact phenomena forms this research to be covered by approximate numerical methods and extensive experiments. To reduce armor weight, the analyst takes into consideration the complicated loading mechanism and the deformation interaction of different materials such as brittle ceramics and elastic composites of high strength and high modulus.
Wambua [17] defines that use of ceramics for body armor due to the weight considerations has continued to decrease over the years. Although they have the capability to decrease strike velocity, their brittleness resulted in the usage of backing materials [18] [19] [20] . Therefore, two factors lead the research to be grown in the composition of these materials: (i) the necessity of ceramic toughness and backing elasticity, (ii) the correlation between ceramic brittle deformation and energy absorption capability of backing lamination.
According to authors' knowledge, one of the early studies about the impact resistance of the laminated ceramic tiles compared to that of monolithic ceramic at the same thickness is the experiment presented by Yadav and Ravichandran [21] . They concluded that penetration resistance of an unconfined ceramic structure could be improved significantly by laminating ceramic tiles with thin polymer layers between them. Similar studies are presented comparing the efficiency of elastic layer usage between the ceramic front layer and composite backing [22] [23] [24] [25] . Rubber, teflon, woven kenaf, metal foam, and polymers are used as the insertion of an interlayer between ceramic and composite layers. The common conclusion is that these additional layers significantly reduce the wave propagation velocity and play a key role in the ballistic performance of the armor system. Also, this enhanced performance is attributed to the crack arresting feature of the polymer layer [21] .
In this study, a novel material model is produced to compound the advantage of ceramic toughness by surface hardening and elasticity of steel. Moreover, polymers are used between the plies in the lamination of thin plies providing not only to perform the full body integration but also reduce the wave propagation. Experiments are performed for the threat level BR-2 defined in EN-1063 standard [26] . The main motivation of the study is to clarify the ballistic impact resistance of this novel material by taking into account its deformation behavior. In the literature, the effect of such lamination on the ballistic performance of boronized steel laminated composites is missing.
Production of hexagonal shaped boronized plies
300 µm thick AISI-1010 cold rolled steel plates were laser cut into hexagonal plates with 45 mm diagonals. Surfaces of these hexagonal plates were cleaned and degreased using suitable chemicals, water, and alcohol. Hexagonal plates were then embedded into commercial Ekabor II powder in a stainless steel crucible, covered with alumina powder and sealed using a stainless steel lid to prevent oxidation during boronizing. The boronizing process was carried out at 950
• C for 3 h in an electrical resistance box furnace under atmospheric conditions, and the boronized plates inside the sealed crucible were cooled to room temperature outside the furnace. Figure 1 shows a schematic of the boronizing system.
After the boronizing process, the surfaces of the boronized plates were cleaned by an ultrasonic cleaner in alcohol. Samples were cut into two pieces for further analysis. A Rigaku D-MAX 2200X-Ray diffractometer was employed with a Cu Kα radiation over a 2θ range from 20
• to 90
• to determine the phases formed on the surface of the boronized samples. One piece of each sample was embedded in epoxy resin, ground with 80-1200 grid emery paper and polished using alumina to expose the cross section of the boride layer.
Control measurements of the plies
Cross-sectional microstructure examination and elemental analysis were carried out using Philips XL 30 Scanning Electron Microscope (SEM) with an Energy Dispersive Spectrometer (EDS) detector as well as a Nikon Eclipse LV150 Optical Microscope.
Vickers hardness of boronized layers was measured over the indents on the cross section obtained by an application of 30 g load using a Mitutoyo microhardness tester. Figure 2 shows XRD patterns obtained from the surface of the steel plate boronized at 950
• C for 3 h. The XRD patterns show that the boride layer is composed of FeB and Fe 2 B phases. Figure 3 illustrates the cross-sectional optical microscope micrograph of the steel plate boronized at 950
• C for 3 h. The figure shows that the boride layer is composed of two regions: (i) light colored region located inside the coating, and (ii) the dark colored region located outside the coating. It is usually reported in the literature that the outer region is FeB and the inner region is Fe 2 B for the boronized ferrous materials. XRD results also show that the formation of FeB and Fe 2 B is evident. Fe 2 B phase forms firstly during the boronizing, and it inhibits the diffusion of boron. As a result of this, FeB phase (boron-rich) forms in the outer region of the boride layer. It can be clearly seen from the Fig. 3 that the boride layer well adheres to the substrate and the adhesion is supported with the saw tooth like morphology as the interface area is significantly high. The coating thickness is measured between 50 and 120 µm. Figures 4 and 5 show the cross-sectional SEM micrograph and SEM-EDS spectrum of the steel plate boronized at 950
• C for 3 h. The spectra were obtained from certain points signed as a (+) and named as "A," "B", and "C" in a SEM micrograph in Fig. 4 . The SEM-EDS spectra obtained from points A, B, and C show that boride layers are composed of iron (Fe) and boron (B). The SEM-EDS spectrum obtained from point C reveals that iron (Fe) content is higher than that from points A and B. Content of boron (B) is almost the same in three regions. 
Experimental setup
13 layered composite laminates were produced by the following procedure. A binary component acrylic adhesive was applied to the surfaces of each hexag- onal plate. These plates were then aligned on top of each other and pressed for 2 h until the polymer adhesive was completely cured. A thin kevlar sheet was used to combine 19 composite laminates to produce armor plates for ballistic testing (Fig. 7 ). Laminates were aligned on the kevlar sheet in a way to preserve the hexagonal symmetry, fixed by hand lay-up method using epoxy resin and autoclaved. Ballistic tests were performed at an outdoor shooting gallery (Fig. 8) according to distance limits defined in EN-1063 standard [26] for the threat level BR-2. Light weight small caliber submachine gun (MP5) was used with the muzzle velocity of 400 m s −1 with 9 × 19 mm 2 bullets. Test samples were supported by their boundaries of hexagonally formed armor surface. Targets were hit at the centers of individual hexagons with a suitable distance from the neighbor border. Composite laminates were shot, and the macro and micro observations were carried out to determine the structural impact damage.
Results
The expected failure mechanism for the ceramic faced armor plates consisting of laminates bonded together through epoxy layers is that the first plies are broken upon impact, but the next layers may be intact. As well as tensile radial crack deformation, cone formation or pulverizing conoid structure of ceramic faced layers, petalling is expected at backing layers depending on the penetration. Moreover, the energy absorbing mechanism of the armor system results in delamination or separation through the layers or between the ceramic and backing layers.
The post-impact inspection of the armor plates introduced that the samples were unable to stop the projectile. There was no delamination or separation observed through the ceramic layers. Further, there was no pulverization on the strike face layers as can be seen in Fig. 9a . Despite hardening by boronization, steel plies demonstrated intensive shattering and crack propagation resulting in the complete disintegration of the impact zone.
Inspection of backing layers introduced the petalling and fiber cracking deformations of kevlar backing plies. There was no dish or bulge deformation observed on the backface as can be seen in Fig. 9b . This behavior can be concluded as the result of the absence of stress or deformation gradients. Moreover, this type of failure can be classified as plugging which is the result of a nearly cylindrical slug of the same diameter as the bullet set in motion by the projectile.
The large deformation of the test samples is thought to be due to the relatively lower toughness and ductility of the laminated boronized layers. The reflected or generated tensile waves after projectile impact were not covered by the hexagonal shaped layered plates successfully. Although the hardness of the laminated plates was relatively significant, the armor system was unable to stop projectile penetration. The armor system is weak due to the insufficient erosion of the projectile penetrating through the laminated boronized steel layers. However, if the front layers of the ballistic plate were thick enough, the system could successfully stop the projectile penetration.
Conclusions
The sample armor system did not show a strong ballistic protection at the investigated thickness and composition. To get a reliable protection, the thickness of the laminated boronized layers would be higher. Nevertheless, in such a case the armor system would not be a good solution to make a lightweight armor production. Boronized steel plies demonstrated intensive shattering and crack propagation results in complete disintegration of the impact zone. The backing layers introduced the petalling and fiber cracking deformation with no dish or bulge deformation. This behavior can be concluded as the result of the absence of stress or deformation gradients which can be observed in relatively thin targets. It is planned to develop this work with thicker laminations and more efficient lamination techniques of boronized steel plies in the future studies.
